presentations can be found in the skeletal system, nervous system, eyes, pulmonary system, lymphoid and hematological system and heart. [6] [7] [8] [9] [10] [11] The clinical course depends on the particular sites or organs affected and the severity of involvement. The multi systemic form of ECD, particularly in those with central nervous system or cardiac involvement, is associated with noticeably poor prognosis. [10] [11] [12] Although the diagnosis of ECD is based on tissue or bone biopsies that show proliferation of histiocytes, knowing where a proper biopsy sample should be taken from is generally difficult. Nuclear medicine imaging modalities offer a complete assessment of the extent of the disease, which is important to help guide the treatment plan.
The 99m technetium-methylene diphosphonate ( 99m Tc-MDP) bone scan is useful in showing the sites of pathognomonic involvement in the skeleton. 13 The characteristic pattern of symmetrical increased tracer uptake particularly in the metaphyso-diaphyseal regions of the long bones, and sometimes in the axial skeleton and through the mandible should be considered in the diagnosis of ECD. However, because of the difficulties of an osteomedullary or bone biopsy, to determine an easier biopsy site, extensive evaluation of all ECD patients should be performed with fluorodeoxyglucose positron emission tomography/ computed tomography (FDG PET/CT), which also provides evaluation of soft tissues and bone marrow separately. Because activated inflammatory cells demonstrate increased expression of glucose transporters, FDG PET/CT has an advantage over the other imaging modalities in ECD in those with multi systemic involvement, while also offering a global assessment of all the lesions during a single session. 14, 15 There are several cases in the literature reporting that while Ga-67 citrate scintigraphy reveals a similar accumulation with the 99m Tc-MDP bone scan, it offers some additional information about extra osseous involvement. 16, 17 However, to date Ga-68 labeled somatostatin receptor analog imaging of ECD has not been reported yet. In this article, we present the nuclear medicine imaging features of four cases with ECD which showed heterogeneous manifestations.
CASE REPORTS

CASE 1
A 63-year-old male presented with central diabetes insipidus, hypogonadism, extensive bone pain, headache, and loss of weight for the past 2 months. A medical history and physical examination revealed periorbital edema, visual impairment and bilateral upper and lower extremity tenderness. The patient was referred to the nuclear medicine department for a whole body bone scan to examine the cause or location of common bone pain. The Tc-99m MDP bone scan (Figure 1 ) showed increased tracer uptake in long bones, maxillary and mandible. The gadolinium-enhanced brain magnetic resonance imaging (MRI) revealed a well defined, lobulated, 23 x 14 mm in diameter pituitary gland lesion in the sellar region. An excisional biopsy of the pituitary lesion was performed. A section cut from the paraffin blocks of the pituitary lesion revealed non granulomatous histiocyte rich cells with entrenched lymphocytes. Various histiocytes had an expansive foamy cytoplasm with the presence of attending broad fibrillary glial tissue. The patient was referred to the department of nuclear medicine for Fluorine-18 fluorodeoxyglucose (F-18 FDG) PET/CT to determine the metabolic activity of the pituitary and bone lesions and whether or not there was other tissue involvement (Figure 2 ). Then, Ga-68 DOTA-TATE imaging was performed in the patient to determine whether the lesions showed expression of somatostatin receptor and to guide further management ( Figure 3) . By reason of the Ga-68 DOTA-TATE scan, it was decided that the patient was not a good candidate for various forms of treatment like peptide receptor radionuclide therapy.
The paraffin blocks of the pituitary gland lesion resected surgically were analyzed using the BRAF (V600E) mutant-specific antibody to determine the BRAF mutation for treatment planning. The heterozygote V600E mutation was detected in the BRAF exon 15 by DNA sequencing using PCR amplification.
Testicular biopsy confirmed foamy histiocyte infiltration due to ECD with positivity of CD68 and CD163 and negativity of CD1A and S100 in the immunohistochemical staining.
Endoscopic biopsy taken from the cecal lesion showed a tubular adenoma without dysplasia.
CASE 2
A 40-year-old male with a history of left intertrochanteric hip fracture and prosthesis surgery 8 years previously presented with occasional bone pain in the left hip, and bilaterally in the knees and feet. A bone marrow biopsy taken from the right distal femur showed myelofibrosis with hypocellularity. MR depicted osteonecrosis and bone infection with reactive changes in the bone and soft tissue in addition to patchy bone marrow sclerosis and edema. Subsequently, bone scintigraphy was performed to identify the regions of bone involvement ( Figure 4 ). Bone scan findings were suggestive of bone involvement compatible with a systemic disease. The bone marrow biopsy repeated according to bone scan illustrated that there were infiltrations consisting of foamy histiocytes within the bone trabeculae. Due to the possibility of involvement of various organs and Moderately and intensely increased tracer accumulation (SUV max: 11.0) associated with cortical and intramedullary sclerosis was noted in the bilateral proximal humeri, scapular glenoid, distal metaphyseal-diaphyseal region of the femur, along the bilateral tibiae, predominantly on the left side, in the distal shaft of the right fibula and mid and distal region of the left fibula. Mild and moderate FDG uptake (SUV max:6.8) was observed in the 5 th cervical, 6 th thoracic and 5 th lumbar vertebral bodies. In addition, an intense diffuse uptake (SUV max: 16.9) was observed appertaining to bilaterally testicular parenchyma related to the disease involvement (C). F-18 FDG uptake was also viewed intensively within a circumferential region of 15 mm diameter in the cecal wall (SUV max: 21.8) considered to belong to soft tissue mass.
FIGURE 3:
Maximum-intensity-projection (MIP) image of Ga-68 DOTA-TATE PET/CT in the first patient with Erdheim-Chester disease (Case 1). A, The pituitary lesion showed moderate uptake on Ga-68 DOTA-TATE PET/CT not clearly identified from physiological uptake. The colonic lesion and testicular parenchymas were negative for uptake of Ga-68 DOTA-TATE, whereas in the skeletal system, bone and bone marrow lesions reveal mild and moderate uptake with on SUV max of 5.4.
tissues, and to monitor whole body metabolic activity, F-18 FDG PET/CT was performed in the patient ( Figure 5 ). CASE 3 A 14-year-old male presented with febrile episodes (38 o C) and arthromyalgia, especially in the knees. Blood tests did not show any abnormality. Due to increasing bone pains two months later, the radiographs taken of his legs and thighs showed bilateral patchy intramedullary sclerosis of the shafts and metaphyseal portions of the bilateral femurs, and tibiae, and bilateral fibulae. MR images of the legs showed, in addition to muscle edema, decreased marrow signal intensity on T1-weighted images and increased signal intensity on T2-weighted images in the bilateral proximal metaphyseal regions of the tibiae. Initially, as a result of these clinical and radiological features, the patient was thought to have an infection and the analysis of the pathology specimen of the bone supported chronic multifocal osteomyelitis.
Despite long term antibiotic therapy, the patient did not respond clinically to the treatment, and underwent the bone scan to monitor the results. The whole body bone scan ( Figure 6 ) was performed. The clinical data, involvement and distribution patterns of the bone scan findings suggested a certain form of Non-Langerhans' cell histiocytosis called ECD. Therefore, as a result of reviewing and immunohistochemical staining the previously obtained bone specimen, the diagnosis of ECD was validated by pathologists.
CASE 4
A 40-year-old woman was admitted to the hospital complaining of a three-month history of dizziness, cotton mouth, polidipsia, poliuria and knee pain. Because of the persistent oral mucosal infection, she had previously been evaluated at another institution and had been treated with antibiotics and acetaminophen. As the sore lesions in the mouth did not heal for two weeks, an incisional biopsy was carried out on the oral mucosa. Histopathological investigation of the mucosal lesion revealed lymphocytic and eosinophilic infiltration organizing with enhanced cytoplasm and loose chromatin structure, obscuring the papillary epidermis. Brain . The liver was so large that it filled the splenic area on the left and reached up to the level of pelvic entrée on below. Non-uniform areas of increased FDG uptake (SUV max:8.1) not clearly outlining the contour in the subcapsular regions of the liver were seen especially on the right lobe. The spleen was not visualized. In the mediastinal and abdominal regions, multiple enlarged lymph nodes revealed a mild and moderately increased FDG uptake (SUV max:3.2). In the peripheral region of the left hip prosthesis, intense FDG uptake (SUV max:8.0) was seen belonging to the soft tissue lesion and this spread to the surrounding muscle tissues. In the proximal diaphysis, lengthening of up to 8 cm of the right femur, and moderate FDG uptake (SUV max:3.6) were observed relating to the intramedullary hyperdense lesion accompanied by calcifications.
magnetic resonance imaging showed a thickening of 3.6 mm in the proximal portion of the pituitary stalk. The thickened portion of the stalk revealed diffuse contrast enhancement. The width of the sellar cavity was normal. Bone scintigraphy with Tc-99m MDP was performed ( Figure 7 ). Clinicopathological findings and symmetrical involvement of the long bones in imaging methods were typical for ECD.
DISCUSSION
Although the clinical spectrum shows a broad variation, ECD predominantly tends toward typical bone findings in the literature and its characteristic imaging findings takes place generally in the front of the histopathological diagnosis. 18 Because it is a rare disease, a consensus definition has not yet been reached about the other collaborative soft tissue findings of the disease. Compared to conventional CT imaging or X-ray, nuclear medicine imaging methods, such as whole body bone scintigraphy and positron emission tomography/computed tomography (PET-CT), are better in identifying the majority of lesions and are more accurate in mapping-out the disease. 19 Isolated or common bone pain is the most frequent symptom of ECD. 20 Tc-99m MDP scintigraphy showed typical bone lesions affecting the appendicular skeleton consisting of the femur, tibia and fibula and less frequently the ulna, radius and humerus in the four cases we reported. The axial skeleton was generally spared, except for the fact that mandible involvement occurred in all of the cases and maxilla involvement occurred in one case. Scintigraphic changes are considered identifying characteristics for ECD. 17, 18, 21 Regional X-Ray, CT or MR imaging performed according to pain localization reveals cortical osteosclerosis, thickening, and bone marrow edema in the long bones. Accompanied by these radiological findings, some diseases including osteomyelitis, lymphoma, sarcoidosis, Paget's disease, metabolic disorders and metastases should be considered in the differential diagnosis. 22, 23 One of the patients we reported was initially admitted and treated for osteomyelitis according to both radiological and histopathological diagnosis. However, typical bone findings in the Tc-99m MDP scintigraphy which was performed in the follow-up, suggested a diagnosis of ECD and aided in the FIGURE 6: A 14-year-old male with a history of bone infection (Case 3). The follow-up Tc-99m MDP whole body bone scan revealed the corticomedullary involvement in both upper and lower extremities, especially in the metaphyseal-diaphyseal portions of the long bones; typical for Erdheim-Chester disease.
FIGURE 7:
Tc-99m MDP scan of a 40-year-old woman with Erdheim-Chester disease (Case 4). The scan revealed patchy increased activity uptake bilaterally in the femur and tibiae, more frequently in the metaphyseal-diaphyseal regions, spreading the epiphyseal portions of the knee and ankle periphery long bones, and diffuse increased activity uptake in the whole side of the mandible.
differential diagnosis of other diseases. Immunohistopathological reevaluation of the bone biopsy verified the scintigraphic diagnosis as ECD.
Various internal organ involvements have been reported in the literature including the hypophysis, lung and the kidneys, indicating disseminated histiocytic infiltration of ECD. [24] [25] [26] Therefore, assessment of the presence of visceral involvement using the best imaging technique is an important matter. FDG PET/CT has better resolution and is considered superior in the evaluation of the extent of both skeletal and extraskeletal disease simultaneously. Two of our patients underwent FDG PET/CT and different soft tissue involvements were observed in them. In one patient, in addition to skeletal system findings, hypophyseal and testicular involvements were noticed through FDG PET/CT. The pituitary gland lesion had already been shown by cerebral MR and infiltration of ECD was verified with histopathological analysis. In addition, bilateral intense FDG uptake was noteworthy in the testicular parenchymas. However, due to bilateral diffuse infiltration, no lobar or nodular pathologies could be detected on ultrasonography and CT. The value of these imaging modalities seems to be limited in those with diffuse tissue infiltration. 27 There have been a few case reports in the literature regarding the testicular infiltration of ECD. 9, 26, 28 To our knowledge, this is the first time that ECD involvement of the testicular parenchymas has been described by FDG PET/CT.
A pathogenic BRAF (V600E) mutation was detected in the paraffin blocks of the pituitary gland lesion of our patient in whom hypophyseal and testicular involvements were detected. A study reported by Yun et al. found that in colorectal cancer cell lines, the increase of GLUT1 expression and glucose uptake is substantially related to BRAF mutation. 29 In these cell lines, it was shown that BRAF mutation up-regulated GLUT1 expression and this led to an increase in glucose uptake of 2.0 to 3.0 fold and in SUVmax of 1.5 to 1.7 fold. A pathogenic BRAF (V600E) mutation was detected in the paraffin blocks of the pituitary gland lesion of our patient in whom hypophyseal and testicular involvements were detected. In the other three ECD patients, testing for BRAF was not performed. The results of BRAF mutation analysis and FDG PET/CT scan could probably be compared with further studies in the larger number of ECD patients.
As well as in neuroendocrine tumors, somatostatin receptors have been found to be over expressed in miscellaneous tumors and diseases such as thyroid cancer, small cell lung cancer, breast cancer, prostate cancer, and Von Hippel Lindau Disease. 30, 31 Moreover, somatostatin analogues have been radiolabeled with gamma emitters and positron emitters. 32 With the introduction of different PET radiopharmaceuticals involving peptide receptor, further developments have occured in the diagnosis and treatment of the above diseases. Currently, somatostatin analogs labeled with Ga-68 are attracting interest to determine the receptor affinity profiles and to detect more lesions in a wider range of tumors.
Although Ga-67 citrate imaging of a few cases with ECD has been reported in the literature, the somatostatin receptor expression status of the disease has not been described so far. 16, 33, 34 In terms of additional diagnostic information and guiding further management, Ga-68 DOTA-TATE imaging was performed in one of our patients. Both F-18 FDG and Ga-68 DOTA-TATE PET/CT images revealed a similar apparent related to bone and soft tissue involvements. However, as there was a mild and moderately uptake of the Ga-68 DOTA-TATE in all lesions, the patient was supposed not to be a good candidate for peptide receptor radionuclide therapy.
In another patient who underwent FDG PET/CT, the presence of liver and lymph node involvements, which have rarely been reported in the literature, was seen in addition to the skeletal system findings. 8, [35] [36] [37] The axial fusion sections of the PET/CT imaging showed inhomogeneous, moderate and intense FDG uptake located in the subcapsular regions of the highly enlarged liver. Diagnostic CT imaging was previously performed for evaluation of the abdomen revealed a homogeneous density pattern with uniform enhancement, and therefore was unable to show liver involvement. Nevertheless, the main advantage of functional imaging methods over ultrasonography, CT and MR, is their ability to determine metabolic changes before the structural changes become conspicuous. 38 In conclusion, as the number of cases described in the literature increases, the awareness of physicians will result in an increase in ECD diagnoses. Having knowledge of the characteristic clinical and imaging manifestations may provide a consensus in the early stage of the disease and an accurate approach for the management of ECD. In this rare but intractable form of histiocytosis, sometimes biopsy materials and immunohistochemical analyses may be inconclusive for diagnosis. Therefore, knowledge of the distinctive imaging findings and clinical manifestations of this condition may help to achieve a correct diagnosis.
Our recommendation is that clinicians should utilize nuclear medicine techniques more. At the same time, nuclear medicine physicians should also increase their expertise to recognize the disease whether histopathological diagnosis is present or not. Bone lesions, nearly always present in ECD, are best visualized by Tc-99m MDP scintigraphy. To obtain an exact mapping-out of the disease with osseous and extraosseous manifestations, F-18 FDG PET/CT is an exceptional method to strengthen the clinician's hand. Additionally, Ga-68 somatostatin receptor imaging may also be a useful tool for determining the receptor affinity profiles and the extent of ECD. Furthermore, by means of comparative studies with BRAF mutation testing, research is required to determine whether FDG PET/CT scan might have a predictive value in the prognosis and therapy management of ECD patients.
